A defining feature of resident gut macrophages is their high replenishment rate from blood monocytes attributed to tonic commensal stimulation of this site. In contrast, almost all other tissues contain locally maintained macrophage populations, which coexist with monocyte-replenished cells at homeostasis. In this study, we identified three transcriptionally distinct mouse gut macrophage subsets that segregate based on expression of Tim-4 and CD4. Challenging current understanding, Tim-4 + CD4 + gut macrophages were found to be locally maintained, while Tim-4 -CD4 + macrophages had a slow turnover from blood monocytes; indeed, Tim-4 -CD4macrophages were the only subset with the high monocyte-replenishment rate currently attributed to gut macrophages. Moreover, all macrophage subpopulations required live microbiota to sustain their numbers, not only those derived from blood monocytes. These findings oppose the prevailing paradigm that all macrophages in the adult mouse gut rapidly turn over from monocytes in a microbiome-dependent manner; instead, these findings supplant it with a model of ontogenetic diversity where locally maintained subsets coexist with rapidly replaced monocyte-derived populations.
Introduction
Resident gastrointestinal macrophages are a dominant immune cell type present in gut tissues that are crucial for homeostatic maintenance of this organ and hence its optimal physiological functioning Gross et al., 2015; Grainger et al., 2017) . Key functions include clearance and sampling of apoptotic cells (Cummings et al., 2016; Schridde et al., 2017) , instruction of epithelial progenitor proliferation in the intestinal crypts (Pull et al., 2005) , bactericidal activity with limited inflammatory cytokine production (Smythies et al., 2005) , and supporting neuroimmune interactions (Muller et al., 2014; Gabanyi et al., 2016) . Inappropriate macrophage activity, particularly potential imbalance between residentand inflammation-elicited (inflammatory) macrophages, has been implicated in driving pathophysiological complications in the gut. These include inflammatory bowel diseases (Kamada et al., 2008; Bain et al., 2013) and colon cancer (Afik et al., 2016) . Delineating the origins and processes that underlie development of resident gut macrophages is therefore of high importance to provide novel mechanistic understanding of disease states.
For almost half a century, it was commonly believed that tissue-resident macrophages in all bodily organs were continuously renewed from adult bone marrow (BM)-derived circulating blood monocytes (van Furth et al., 1972) . More recent research challenged this paradigm, revealing the presence of bona fide tissue-resident macrophages often arising from embryonic or perinatal precursors that are maintained locally and independently of blood monocytes at homeostasis (Ginhoux et al., 2010; Hoeffel et al., 2012 Hoeffel et al., , 2015 Schulz et al., 2012; Hashimoto et al., 2013; Yona et al., 2013; Sheng et al., 2015; Ginhoux and Guilliams, 2016) . These include the brain microglia of the central nervous system (Ginhoux et al., 2010) , alveolar macrophages of the lung airspaces Hashimoto et al., 2013) , and Langerhans cells of the skin epidermis (Merad et al., 2002; Hoeffel et al., 2012) . Many of these organs are also home to blood monocytereplenished macrophage populations that coexist with the locally maintained macrophages at homeostasis and can undertake functionally distinct activities (Ginhoux and Guilliams, 2016; Goldmann et al., 2016; Kim et al., 2016) . The striking exception to this model has been the gastrointestinal tract, the last bastion of the continuous monocyte replenishment model of resident macrophage ontogeny, where all gut resident macrophages are replenished by high turnover from blood monocytes with a predicted half-life of 4-6 wk (Jaensson et al., 2008; Ginhoux and Jung, 2014) . This unique feature of resident gut macrophages has been attributed to the inflammatory tone of the gut stimulated by the high commensal burden Ginhoux and Jung, 2014) .
Unlike in other tissues, where multiple phenotypic markers in tandem with distinct morphological characteristics or localization (Merad et al., 2002; Guilliams et al., 2013; Tamoutounour et al., 2013; Bain et al., 2016; Scott et al., 2016) have been used to distinguish subsets of locally maintained resident macrophages from those that are monocyte replenished, gut studies have predominantly used relative expression of the chemokine receptor CX3C chemokine receptor 1 (CX3CR1; Jung et al., 2000; Varol et al., 2009; Tamoutounour et al., 2012; Zigmond et al., 2012; Bain et al., 2013 . It therefore remains a distinct possibility that locally maintained resident macrophages or slowly monocyte-replenished populations could be present in the gut, but identification has been hampered by an inability to distinguish these cells from the total pool.
In this study, using the novel gut macrophage markers Tim-4 and CD4, we found that the adult gut macrophage pool is comprised of three similarly sized subsets with distinct replenishment rates from blood monocytes. Challenging current assumptions, abundant Tim-4 + CD4 + gut-resident macrophages were found to be locally maintained independent of monocytes, whereas the Tim-4 -CD4 + population had a slow replenishment rate from monocytes. Together, these two CD4 + populations accounted for the vast majority of mature macrophages in the gut. Indeed, the only population with high turnover from monocytes was the Tim-4 -CD4macrophage subset. Supporting the differential requirement for monocyte replenishment, Tim-4 + CD4 + macrophages had distinct developmental dynamics from early life and dominated in Ccr2 −/− animals, which have a paucity of circulating monocytes, whereas Tim-4subsets were dramatically depleted in these mice. Importantly, a live commensal microbiome is required for establishment of all resident macrophage subsets independent of ontogeny. These data redefine our understanding of gut macrophage development and heterogeneity at this critical mucosal site.
Results and discussion
Tim-4 and CD4 identify phenotypically and transcriptionally distinct populations of macrophages in the small intestine Aiming to identify ontogenetically distinct macrophages within the total gut macrophage pool, we began by establishing candidate surface markers that have been used to distinguish mature or potentially long-lived macrophages in other studies and that are easily used for flow cytometry. We selected two such markers that are heterogeneously expressed on gut macrophages (Schridde et al., 2017) but have not been previously used to investigate ontogeny. One marker was the apoptotic cell-uptake receptor Tim-4, which is highly expressed by liver Kupffer cells as well as the Gata-6-dependent large macrophages of the peritoneal cavity (Rosas et al., 2014; Bain et al., 2016; Kim et al., 2016) . Both these macrophage populations dominate the compartment at birth and then have slow or little replenishment from blood monocytes in the adult (Bain et al., 2016; Scott et al., 2016) . The other marker was CD4, recently identified as a gut-specific macrophage maturation marker based on transcriptional profiling of colonic versus skin macrophage development (Schridde et al., 2017) .
We began by assessing expression of Tim-4 and CD4 on the monocyte and macrophage populations defined by the already well-established "P1-P4 waterfall" model of gut monocyte/macrophage differentiation (Figs. 1 A and S1 A; Tamoutounour et al., 2012; Zigmond et al., 2012; Bain et al., 2013 . In this model, Ly6C hi CX3CR1 int blood monocytes enter into the gastrointestinal tissue (P1) and progressively down-regulate Ly6C expression while up-regulating surface MHC II (P2) as they become gut macrophages (P3/P4). These MHC II hi macrophages can be further segregated based on CX3CR1-GFP reporter expression into a smaller CX3CR1 int (P3) population and larger CX3CR1 hi (P4) population, with the CX3CR1 hi -expressing cells being the most mature resident gut macrophages (Tamoutounour et al., 2012; Zigmond et al., 2012; Bain et al., 2013 . Tim-4-and CD4-positive cells were mainly present in this P3/P4 macrophage gate ( Fig. 1 A) . Tim-4 and CD4 staining revealed three distinct populations of macrophages at approximately equal frequencies that accounted for the entire P3/P4 gate: Tim-4 -CD4 -(blue), Tim-4 -CD4 + (orange), and Tim-4 + CD4 + (green) macrophages. All of these macrophage subsets were predominantly CX3CR1 hi , although a small population of CX3CR1 int cells was evident in the Tim-4 -CD4population, suggesting that this population alone may include some less-mature macrophages ( Fig. 1 B; Schridde et al., 2017) . Therefore, the established CX3CR1 hi resident gut macrophage population can be split into three distinct subpopulations based on their expression of Tim-4 and CD4.
To begin to explore whether Tim-4 and CD4 were markers of gut macrophage heterogeneity, we isolated the three subsets using FACS for morphological and functional analyses (Fig. 1, C and D) . All subsets were found to have macrophage-like morphology but with Tim-4 -CD4being visually smaller than the two CD4 + subsets (Tim-4 + and Tim-4 -), which both displayed prominent vacuoles typical of phagocytically active macrophages ( Fig. 1 C) . After overnight culture, differential capacity to produce cytokines and chemokines was observed between the subsets (Fig. 1 D) . In particular, production of the cytokines IFN-β and IL-6 was enriched in the Tim-4 -CD4subset, whereas the Tim-4 + CD4 + subset produced more of the monocyte-recruiting chemokine CCL-2 ( Fig. 1 D) . Production of gut macrophage-associated cytokines IL-10 and TNF-α were unchanged between subsets.
Based on this suggested heterogeneity within the gut macrophage pool, we undertook bulk RNA sequencing of the three macrophage subsets alongside their circulating Ly6C hi blood monocyte precursors. As expected, principal component analysis (PCA) revealed that all three macrophage subsets were extremely distinct from circulating blood monocytes, supportive of the differentiation of all populations into macrophages ( Fig. 1 E) . Moreover, as shown by PCA (Figs. 1 E and S1 B), each of the macrophage subsets possessed a unique transcriptional profile distinct from the other macrophage subsets. Unsupervised clustering of populations by global gene-expression profiles was performed to generate a cluster tree delineating relationships between macrophage populations as well as blood monocytes. Using this analysis, the two Tim-4macrophage subsets (CD4 + and CD4 -) were suggested to be more closely related to each other than to the Tim4 + CD4 + subset ( Fig. 1 F) .
Pairwise comparisons of gene expression levels between each population (p-adjusted < 1 e-30 ) identified 2,283 differentially Figure 1 . Tim-4 and CD4 identify phenotypically and transcriptionally distinct populations of macrophages in the small intestine. (A) Expression of Tim-4 and CD4 on small intestinal monocytes/macrophages assessed by flow cytometry from Cx3cr1 +/GFP reporter mice. Single-cell suspensions were first gated on live Lin -CD45 + CD11b + CD11c low/int cells, and then P1 monocytes (CD64 -Ly6C hi MHC II -), P2 transitioning monocytes (Ly6C + MHC II + ), and P3/P4 macrophages (CD64 + Ly6C -MHC II + ) were identified. Numbers denote the percentages of cells within the gate. Data are representative of at least three independent experiments. n = 2-3 per experiment. (B) Expression of CX3CR1-GFP by P1 monocytes, P2 transitioning monocytes, and Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + (P3/P4) macrophages from the small intestine of adult CX3CR1 +/GFP mice. Data are representative of at least three independent experiments. n = 2-3 per experiment. (C) Morphological characteristics as assessed by H&E staining of Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophages (Mφ) sorted by FACS from the small intestine of 8-10-wk-old C57BL/6 WT mice. Bars, 5 µm. Data are representative of two independent sorts from three pooled mice. (D) Concentrations of TNF-α, IL-10, IL-6, IFN-β, and CCL-2 in supernatants from 18-h cultures in M-CSF-containing media of Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophages sorted by FACS from the pooled small intestines of four to six pooled 8-10-wk-old C57BL/6 WT mice. Concentrations were determined from duplicate or triplicate wells of 30,000 sorted macrophages. Data are representative of five separate experiments. Error bars show means ± SD. Statistical comparisons between macrophage subsets are shown. Statistical comparisons were performed with one-way ANO VA with Bonferroni's multiple comparison test: *, P ≤ 0.05; **, P ≤ 0.01; ****, P ≤ 0.0001. (E) PCA of global gene expression from Ly6C hi blood monocytes (Blood Mo) and Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + resident macrophages isolated by FACS from the small intestine of 8-10-wk-old C57BL/6 WT mice. (F) Hierarchical cluster analysis of Ly6C hi blood monocytes and Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + small intestine macrophage populations based on global gene expression. (G) Gene expression profile of the 2,283 genes differentially expressed (p-adjusted < 1e -30 ) in Ly6C hi blood monocytes, and Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophages sorted from the small intestine with clusters identified by k-means. (H) Gene expression profile of the seven genes forming cluster IX up-regulated in Tim-4 -CD4and Tim-4 -CD4 + macrophages compared with Ly6C hi blood monocytes and Tim-4 + CD4 + macrophages. (I) Gene expression profile of the four genes forming cluster VIII up-regulated in Tim-4 -CD4macrophages compared with Ly6C hi blood monocytes and Tim-4 -CD4 + and Tim-4 + CD4 + macrophages. (J) Gene expression profile of the 40 genes up-regulated in Tim-4 + CD4 + macrophages compared with Ly6C hi blood monocytes and Tim-4 -CD4and Tim-4 -CD4 + macrophages. Genes highlighted in blue are those previously identified as genes associated with a tissuewide resident macrophage signature. Genes highlighted in red are those described as distinguishing embryonically derived Kupffer cells from BM-derived Kupffer cells. (E-J) RNA sequencing results were generated from four independent sorts from the small intestines of three pooled mice (macrophages) and three independent sorts from the peripheral blood of three to four pooled mice (monocytes). See also Fig. S1 and Tables S1 and S2.
expressed genes, the vast majority being up-or down-regulated in macrophages compared with monocytes. Unsupervised hierarchical k-means clustering of the differentially expressed genes was also performed, generating 12 clusters of genes with distinct expression characteristics (Figs. 1 G and S1 C) and associated gene ontology (GO) terms (Table S1 ). Many of the clusters (clusters I-VII, X, and XI) confirmed established transcriptional pathways of macrophage differentiation from blood monocytes as well as providing further evidence, in addition to recent research (Schridde et al., 2017) , that CD4 expression on macrophages is associated with the most mature macrophages (Fig. S1 C and Table S2 ). In particular, cluster V, in which genes were progressively upregulated from blood monocytes to Tim-4 -CD4macrophages to the CD4 + subsets ( Fig. S1 C) , included Lrrc4c, Dtx3, H2-M2, and Ocstamp, genes already described as forming part of a mature colonic macrophage signature.
Of crucial relevance to better understand the heterogeneity between the three subsets of novel macrophages were the small clusters of genes that were distinctly regulated between each subset. These included cluster IX, consisting of genes up-regulated in both Tim4 -(CD4 + and CD4 -) macrophage populations that included genes associated with cytokine production and phagocytosis such as Stat4, Slamf7, and Traf1 ( Fig. 1 H) , and cluster VIII, consisting of genes more highly expressed in Tim4 -CD4macrophages that included the canonical alternative activation factor Retnla (encoding for Relm-α; Loke et al., 2002) as well as the TGFβ-responsive transcription repressor Id3 ( Fig. 1 I; Nakatsukasa et al., 2015) .
Most importantly, supporting the existence of unappreciated ontogenetically distinct macrophage subsets in the mouse gut were the 40 genes forming cluster XII that were highly up-regulated by Tim4 + CD4 + macrophages ( Fig. 1 J) . This cluster was enriched for genes defined as signature genes for tissue-resident macrophages aligned from multiple tissues and included Fcna, P2ry2, Adcy3, Fkbp9, and Ppp1r9a ( Fig. 1 J, blue highlight; Gautier et al., 2012) . This strongly supported the possibility that as in other tissues (Rosas et al., 2014; Bain et al., 2016; Scott et al., 2016) , these Tim-4 + cells are long-lived resident macrophages. Additionally, contained within this cluster were 4 out of 10 core signature genes including Timd4, previously identified as distinguishing long-lived embryonically derived Kupffer cells from recently BM-derived Kupffer cells, namely Xlr, Cd209f, and C2 ( Fig. 1 J, red highlight; Scott et al., 2016) .
Collectively, these analyses demonstrate that in the small intestine, distinct populations of macrophages can be identified based on expression of Tim-4 and CD4, with CD4 + cells implicated as more mature than CD4 -. Notably, Tim-4 + CD4 + macrophages were enriched for transcripts associated with resident or embryonically derived macrophages in other tissues and thus could be a previously unidentified resident gut macrophage population that can be maintained independently of adult blood monocytes.
Tim-4 + macrophages dominate in the neonatal small intestine, whereas Tim-4subsets are dependent on subsequent CCR2dependent monocyte recruitment We hypothesized that if the Tim-4 + CD4 + macrophage population contains embryonically derived or locally maintained cells, and the Tim-4macrophages turn over from adult blood monocytes, then Tim-4 + and Tim-4subsets would exhibit distinct developmental kinetics from birth into adult life.
To this end, we analyzed the frequencies (Fig. 2 A) and absolute numbers (Fig. 2 B) of P3/P4 macrophages based on Tim-4 and CD4 expression from 1 wk after birth up to 6 mo old. Although total cell numbers were low relative to adulthood at the 1-wk time point ( Fig. 2 B) , Tim-4 + CD4 + macrophages were the dominant cell population by frequency ( Fig. 2 A) , implicating a perinatal origin for at least some of this locally maintained population. This overall pattern was maintained at 4 wk of age, although by this time, Tim-4 + CD4 + macrophages had expanded in absolute number in the tissue to adult numbers (Fig. 2 B) . By 9 wk, all populations were approximately equally represented within the tissue, and this was associated with an increase in absolute numbers of both the Tim-4 -CD4 + and CD4populations. Such temporal differences in expansion of the Tim-4 + (early) and Tim-4 -(late) subsets suggest different ontogenies, with Tim-4 + cells arriving early in life and Tim-4populations dependent on subsequent adult monocyte recruitment. The origin of the perinatal Tim-4 + CD4 + macrophages could be fetal liver or early BM monocyte influx (<1 wk), but it is unlikely to be of yolk sac origin based on a previous study .
To probe these apparently distinct ontogenies further, we investigated Tim-4 + and Tim-4macrophage development in Ccr2 −/− animals (Boring et al., 1997) . These animals have reduced circulating Ly6C hi monocytes because of their defective exit from the BM, leading to a deficiency in monocyte-derived cell populations throughout the animal (Serbina and Pamer, 2006) . In Ccr2 −/− animals, the Tim-4 + CD4 + subset dominated the small intestinal macrophage compartment over the lifespan, whereas both Tim-4populations were sparsely represented (not depicted) even up to 6 mo of age when Tim4cells were abundant by frequency (Fig. 2 C) and cell number (Fig. 2 D) . Thus, Tim-4 + and Tim-4macrophages have different requirements for CCR2, consistent with these two subsets having alternate ontogeny.
Tim-4 and CD4 delineate macrophage populations with distinct dependence on blood precursors Our results thus far point to Tim-4 + and Tim-4macrophages having different requirements for adult monocyte replenishment. To more comprehensively explore the ontogenetic relationships of small intestinal macrophages, we used a gutshielded BM chimera approach. BM chimeras were generated by a process in which WT CD45.2 mice were irradiated with their abdomen shielded from irradiation ( Fig. 3 A) . Animals were then reconstituted with congenic (CD45.1 + ) WT BM. Shield irradiation aimed to limit confounding effects of irradiating monocyte/ macrophage populations in the gut and prevent development of a local inflammatory response. At 7 wk after irradiation, frequencies and numbers of all macrophage subsets in chimeric animals were similar to nonirradiated controls, indicating that shielding had prevented sustained perturbation of the tissue in these animals ( Fig. S2 A) .
As expected, chimerism of small intestinal Ly6C hi monocytes was similar to blood Ly6C hi monocytes by 7 wk after irradiation ( Fig. 3 B) . Strikingly, the degree of chimerism varied between the three novel macrophage populations ( Fig. 3 C) . Tim-4 -CD4cells had the highest chimerism, implying that these cells were rapidly replenished from blood precursors. Contrasting this, Tim-4 -CD4 + macrophages had much lower chimerism (<50% that of Tim-4 -CD4macrophages), suggesting that this population was turned over much more slowly from blood monocytes. Of note, Tim-4 + CD4 + macrophages had a chimerism of <1%, indicating that these macrophages were locally maintained.
To understand the temporal dynamics of this replenishment, we investigated the chimerism at later time points. Over time, the Tim-4 -CD4and Tim-4 -CD4 + macrophages continued to incorporate cells from the donor, although at different rates, with Tim-4 -CD4cells having almost equivalent ratios of donor populations to blood monocytes as early as 12 wk ( Fig. 3 D) , whereas even at 16 wk, the Tim-4 -CD4 + population had only achieved ∼50% of their potential chimerism ( Fig. 3 D) . Most importantly, in the Tim-4 + CD4 + population, although donor cells were increased, they still constituted <5% of this macrophage subset in the small intestine ( Fig. 3 D) , further supporting their local maintenance and rare replenishment from blood monocytes.
As an alternative way of exploring the replenishment of resident gut macrophages, we generated reporter animals by crossing Cx3cr1 CreER mice (Yona et al., 2013) to R26-yfp mice (Srinivas et al., 2001) . In these animals, administration of tamoxifen allows translocation of the cre enzyme into the nucleus and irreversibly induces YFP expression by CX3CR1 + cells, strongly labeling CX3CR1 + gut macrophages (Yona et al., 2013) . Adult animals 8-9 wk of age were given tamoxifen orally for five consecutive days to ensure robust and irreversible induction of YFP (Fig. S2 B) . Animals were left for 5 d or 7 wk after the final tamoxifen dose to assess gut macrophage replenishment by blood monocytes. Any cells developing from blood monocytes after withdrawal of tamoxifen will express the cre enzyme latently in the cytoplasm such that they remain YFP -. Agreeing with published data (Yona et al., 2013) , in this setting, Ly6C low blood monocytes expressed YFP 5 d after the final tamoxifen dose before being replaced by YFPmonocytes at 7 wk (Fig. S2, C and D) , whereas CX3CR1 + microglia, which do not undergo replenishment by blood monocytes, maintained a high level of YFP expression at 7 wk (Fig. S2, C and D) . In the gut of these animals correlating with data from the gut shield BM chimeras, replacement of Tim-4 -CD4macrophages was higher than in Tim-4 -CD4 + population, whereas there was extremely limited replacement of Tim-4 + CD4 + cells from YFPmonocytes (Fig. 3 E) .
Together, using two independent strategies to investigate ontogeny, these results establish that phenotypically distinct populations of macrophages in the gut have dramatically different turnover from circulating monocytes in the adult animal. Either because of their longevity or self-renewal, Tim-4 marks a previously unappreciated locally maintained population of resident gut macrophages present in the small intestine.
Locally maintained Tim-4 + CD4 + macrophages are present in commensal-rich areas of the gut and are regulated by live microbiota Although the concept of rapid continuous monocyte replenishment of resident macrophages has been applied to all gut macrophages, the vast majority of studies have focused on the colon, where this replenishment has been attributed to the high commensal burden Ginhoux and Jung, 2014; Ginhoux and Guilliams, 2016) . The small intestine, however, is relatively devoid of commensal flora caused in part by stomach acid, bile, and pancreatic secretions (O'Hara and Shanahan, 2006) . After our identification of a long-lived Tim-4 + CD4 + macrophage in the small intestine present from birth, we sought to understand whether development of this population was impaired in a commensal-rich region of the gut, where one would predict that monocyte-replenished populations would be favored.
To this end, we began by investigating development of macrophages over early life into adulthood in the colon. Early after birth (1 wk), as observed in the small intestine ( Fig. 2 A) , Tim-4 + CD4 + macrophages dominated ( Fig. 4 A) . At 4 wk after birth, unlike in the small intestine, Tim-4macrophage populations in the colon were already expanded to adult levels (Fig. 4, A and  B ). This correlated with the previously reported influx of monocyte-derived macrophages that replaced embryonically derived cells . Unexpectedly, however, the Tim-4monocyte-derived populations did not replace the Tim-4 + CD4 + macrophages with time as Tim-4 + CD4 + macrophages persisted even in 6-mo-old animals (Fig. 4, A and B ), suggesting that even in the colon, the Tim-4 + CD4 + macrophage population is dominant and long lived. As observed in the small intestine, macrophages with a Tim-4phenotype were critically dependent on expression of CCR2 as these populations were almost entirely absent in 6-mo-old Ccr2 −/− animals, whereas Tim-4 + CD4 + macrophages predominated (Fig. 4, C and D) .
Using the gut shield chimera approach, we once again looked at replenishment from BM monocytes in adult animals (Fig. 4 E) . At 7 wk after irradiation, frequencies and numbers of all macrophage subsets in chimeric animals were indistinguishable from nonirradiated controls ( Fig. S3 A) . Importantly, between 7-16 wk after irradiation, Tim-4 + CD4 + macrophages were not replenished from circulating precursors ( Fig. 4 F) , demonstrating that in the colon, this population is locally maintained. Tim-4macrophages were replenished from circulating precursors, but Tim-4 -CD4 + macrophages achieved only 30% of their potential replenishment by 16 wk (Fig. 4 F) , again supporting the fact that this population is replenished slowly from monocytes, whereas the Tim-4 -CD4population is the only rapidly replenished population. Interestingly, differences in rates of monocyte replenishment were evident between the small intestine and colon (Fig. S3 B) . Of particular note, Tim-4 -CD4 + macrophages were replenished substantially more slowly from monocytes in the colon than in the small intestine ( Fig. S3 B) . Distinct tissue architecture (Mowat and Agace, 2014) , exposure to specific bacteria or dietary-derived factors, and precise localization of the macrophage subsets between the colon and small intestine could all potentially underlie these variations in monocyte replenishment. These factors could similarly underlie the observed differences between colon and small intestine macrophage subset development early after birth.
Combined, these data demonstrate that even in the commensal-rich colon, Tim-4 delineates a population of previously unappreciated resident macrophages maintained independently of blood monocytes. Moreover, a substantial proportion of the monocyte-derived macrophages turn over at a slow, rather than rapid, rate from blood monocytes.
Based on our new understanding of macrophage development in the colon, we finally investigated the impact of commensals on both monocyte-derived and tissue-resident macrophage populations. In tissues including the skin (Tamoutounour et al., 2013) and peritoneal cavity (Kim et al., 2016) , commensals selectively support monocyte-replenished macrophage populations. Corroborating published data (Rivollier et al., 2012; , total monocytes and macrophages in the colon were decreased in adult germ-free (GF) animals (9 wk) when compared with specific pathogen-free (SPF) controls maintained in the same facility (Fig. S3 C) . Unexpectedly, upon analysis of the new macrophage subsets, there were no striking alterations in the frequency of Tim-4monocyte-replenished (Tim-4 -CD4 + and CD4 -) populations compared with resident Tim-4 + macrophage subsets in GF intestine (Fig. 4 G) . In line with this finding, absolute numbers were decreased in all populations of gut macrophages irrespective of their ontogeny (Fig. 4 H) . Thus, a live commensal microbiome plays an important role in regulating the total number of macrophages in the colon irrespective of whether they are locally maintained or monocyte-replenished subsets.
Overall, our study presents a major extension to our understanding of resident gut macrophage replenishment in the mouse small intestine and colon to include both short-lived monocyte-dependent and long-lived monocyte-independent macrophage subsets. Previous studies using strategies including transgenic reporter animals, parabiosis, and monocyte transfer concluded that gut macrophages are BM monocyte derived (Jung et al., 2000; Bogunovic et al., 2009; Varol et al., 2009; Tamoutounour et al., 2012; Zigmond et al., 2012; Bain et al., 2013 Sheng et al., 2015) . Our refined model does not disagree with these studies as we also find that >60% of the macrophages are BM monocyte derived, albeit ∼30% at a much slower rate than was previously suggested (Jaensson et al., 2008) . One likely explanation for the locally maintained population being previously overlooked in these studies is an inability to discriminate this population without phenotypic markers from the high monocyte turnover population. Another factor that is interesting to speculate could have additionally confounded the identification of the long-lived macrophages, particularly using lineage-tracing animals (Sheng et al., 2015) , is the perinatal ontogeny of these macrophages. Although it has been reported using Ki67 staining that gut macrophages expand locally in the first few weeks after birth, it is possible that BM monocytes could be incorporated into the pool specifically at these early life time points. This has recently been demonstrated for Tim-4 + Kupffer cells that, although maintained locally and independent of blood monocytes in the adult, could incorporate monocytes during the rapid perinatal growth period of this organ . Whether early life expansion of Tim-4 + CD4 + gut macrophages during intestinal development could also be supported by a temporally restricted wave of circulating monocytes entering the tissue will require further detailed experimental analysis.
This revised paradigm of mouse gut macrophage development bears striking similarity to a recent study in duodenal transplant patients (Bujko et al., 2018) . In this study, alongside high-monocyte turnover macrophage populations, distinct and dominant subsets of slow-turnover populations were also reported. Irrespective of the precise correlations between mouse and human subsets combined with our data, this demonstrates that across species, the view of the gut as a site of persistent rapid monocyte-to-macrophage transition must be reconsidered.
The significance of a Tim-4-associated module of gene expression on a gut macrophage subset in relation to their activity has not yet been determined. However, given that Tim-4 is an important apoptotic cell uptake receptor (Miyanishi et al., 2007; Kuchroo et al., 2008; Nishi et al., 2014) and that Tim-4 + cells also express other gene transcripts associated with this process, e.g., Edil3 and P2ry2 (Fig. 1 I) , a likely possibility is that they are more specialized in performing efferocytosis. This is concordant with their long tissue residency as recent studies have highlighted the importance of this function by resident macrophage populations (Uderhardt et al., 2012; Cummings et al., 2016; A-Gonzalez et al., 2017) including those in the T cell zone of lymph nodes as well as germinal centers of Peyer's patches (Bonnardel et al., 2015; Baratin et al., 2017) .
Independent of their functional heterogeneity or ontogeny, future studies of gut macrophage activity should be based on this new understanding that locally maintained and slow-monocyte turnover macrophages are abundantly present in the gut. In particular, our findings raise the previously unappreciated (right) showing expression of Tim-4 and CD4 on live Lin -CD45 + CD11b + CD11c low/int Ly6C -CD64 + P3/ P4 macrophages in the colon of C57BL/6 WT mice at the indicated ages. Data are representative of at least two independent experiments. n = 5-8 per group. (B) Total number of Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophage subsets by age in the colon of C57BL/6 WT mice. Data are pooled from at least two independent experiments. n = 5-8 per group. At 1 wk of age, intestines from two mice were pooled per sample. (C) Representative flow cytometry plots showing expression of Tim-4 and CD4 on P3/P4 macrophages in colon of Ccr2 −/− mice at 6 mo of age. Data are representative of at least three independent experiments. (D) Total number of Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophage subsets of Ccr2 −/− and C57BL/6 WT mice at 6 mo of age. Data are pooled from at least three independent experiments. n = 5-9 per group; results for individual animals are shown as dots. (E) Representative flow cytometric plots showing the frequency of CD45.1 + donor-derived cells within the Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophage subsets of the colon of shielded chimeric mice generated as described in Fig. 3 A 7 wk after irradiation (left). Frequency of CD45.1 + donor-derived cells within the Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophage subsets of the small colon of shielded chimeric mice 7 wk after irradiation (right). Data are representative of at least two independent experiments. n = 5 per group. (F) At 7, 12, and 16 wk after irradiation, the frequency of donor-derived cells was determined in the intestinal Ly6C hi monocyte and macrophage subpopulations of the colon by flow cytometry and normalized to the chimerism of Ly6C hi blood monocytes. Data generated as described in Fig. 3 A are pooled from at least two independent experiments. n = 5-6 per group. (G) Left: Representative flow cytometry plots showing expression of Tim-4 and CD4 on P3/P4 macrophages in the colon of SPF and GF WT C57BL/6 mice at 9 wk of age. Right: Frequency of Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophage subsets in the colon of 9-wk-old SPF and GF mice. Numbers in flow cytometry plots denote the percentages of cells within the gate. Data are pooled from four independent experiments. n = 12 per group. possibility of therapeutically manipulating influxing monocytes while keeping a protective tissue-resident population intact in life-limiting disease settings such as inflammatory bowel disease.
Materials and methods
Mice C57BL/6J mice (CD45.2) were purchased from Envigo and housed in individually ventilated cages under SPF conditions. Ccr2 −/− animals (originally from The Jackson Laboratory; Boring et al., 1997) , Cx3cr1 +/GFP (available from The Jackson Laboratory and provided by S. Jung et al., 2000) , and congenic CD45.1 mice (serially backcrossed from SJL/J onto C57BL/6) were all bred in-house and shared by K. Else, K. Couper, and A. MacDonald (University of Manchester, Manchester, England, UK), respectively, and were backcrossed to a C57BL/6 background for at least 10 generations. Cx3cr1 CreER mice (from The Jackson Laboratory; Yona et al., 2013) were bred in-house crossed with R26-yfp mice (from The Jackson Laboratory; Srinivas et al., 2001) and were backcrossed with C57BL/6J for at least six generations. For GF experiments, all mice including SPF controls were bred in-house and were on a C57BL/6 background. GF C57BL/6 mice (founders from the Clean Mouse Facility, University of Bern, Bern, Switzerland) were bred and maintained in The University of Manchester gnotobiotic facility. SPF controls were also housed and maintained on the same diet and light cycle as GF animals. All experiments were approved by The University of Manchester Local Ethical Review Committee and were performed in accordance with the UK Home Office Animals (Scientific Procedures) Act 1986. Generation of shield chimeras WT CD45.2 + host mice aged 6-8 wk were anaesthetized by intraperitoneal administration of ketamine (80 mg/kg; Vetoquinol) and xylazine (8 mg/kg; Bayer). Anaesthetized mice were positioned beneath a lead sheet shielding the lower two thirds of the body, including the intestine, from a split dose of irradiation (2× 5.5 Gy). Mice therefore received partial body irradiation with only the head, thorax, and forelimbs left exposed. After recovery from anesthesia, mice were reconstituted by intravenous injection with 2 × 10 6 CD90.2 + T cell-depleted donor BM cells from congenic CD45.1 + WT donor animals. T cells were depleted using CD90.2 microbeads (Miltenyi Biotec). Mice were maintained on 0.03% enrofloxacin in drinking water for up to 1 wk before and for 2 wk after irradiation and then were housed in autoclaved cages with sterile water, diet, and bedding. Reconstitution was allowed to occur for a minimum of 7 wk before analysis.
Tamoxifen treatment
Tamoxifen (Sigma-Aldrich) was dissolved in 10% ethanol and 90% corn oil to a concentration of 50 mg/ml. Mice were dosed with 5 mg by oral gavage for five consecutive days.
Tissue preparation and cell isolation Small intestine and colon lamina propria and muscularis
Cells were isolated as previously described with some modifications (Sun et al., 2007) . In brief, after dissection of the small intestine and colon, Peyer's patches were removed from the length of the small intestine, and both small intestine and colon were cut longitudinally and washed thoroughly with PBS on ice. Subsequently, to remove intestinal epithelial cells and leukocytes, small intestines and colons were cut into segments (2-3 cm) and incubated in prewarmed media (RPMI 1640) supplemented with 3% FCS, 20 mM Hepes, 100 U/ml polymyxin B (Sigma-Aldrich), 5 mM EDTA, and 1 mM freshly thawed dithiothreitol for 20 min at 37°C with agitation. After incubation, gut segments were repeatedly shaken in fresh serum-free media with 2 mM EDTA and 20 mM Hepes to ensure optimal dissociation of intestinal epithelial cells and leukocytes. Remaining tissue (lamina propria and muscularis) was minced and digested at 37°C for 30 min with continuous stirring in serum-free RPMI containing 20 mM Hepes, 0.1 mg/ml liberase TL (Roche), and 0.5 mg/ml DNase. Digested tissue was passed sequentially through a 70-µm filter and 40-µm cell strainer, and after pelleting, it was resuspended in media supplemented with 10% FCS and polymyxin B until staining.
Blood
Blood was collected into EDTA-coated syringes by cardiac puncture from sacrificed mice. Suspensions were washed and resuspended in ammonium-chloride-potassium lysing buffer (Lonza) for 3 min on ice twice. Suspensions were then washed and resuspended in media containing 10% FCS until staining.
Brain
Cells were isolated as previously described but with some modifications (Legroux et al., 2015) . In brief, brains were minced and digested in media containing 20 mM Hepes, 2 mg/ml collagenase IV (Thermo Fisher Scientific), and 0.5 mg/ml DNase for 30 min at 37°C without agitation. Brains were subsequently passed through a 70-µm filter, washed with media supplemented with 20 mM Hepes and 2 mM EDTA, and myelin contaminants were removed over a 30% Percoll (Sigma-Aldrich) gradient, thus removing myelin and enriching for immune cells. The final pellet was resuspended in media containing 10% FCS until staining.
Flow cytometry
Single-cell suspensions (5 × 10 5 -2 × 10 6 total cells) of the small intestine, colon, or blood and the majority of cells isolated from brain tissue were washed thoroughly with PBS and stained with the Live/Dead Fixable blue dead cell stain kit (Molecular Probes) to exclude dead cells. Subsequently, cells were stained in the dark for 15 min at 4°C with fluorochrome-or biotin-conjugated antibodies in PBS containing anti-CD16/CD32 (2.4G2; BioXcell). Cells were washed and, where necessary, incubated for a further 10 min with fluorochrome-conjugated streptavidin and then washed. In some cases, cells were immediately acquired live, or alternatively, after further washing, cells were fixed in 2% paraformaldehyde (Sigma-Aldrich) for 10 min at room temperature and ultimately resuspended in PBS before acquisition. Cells were stained with CD4 (RM4-5), CD11b (M1/70), CD11c (N418), CD45 (30F11), CD45.1 (A20), CD45.2 (104), CD51 (RMV-7), CD64 (X54-5/7.1), CD115 (AFS98), MHC II (I-A/I-E; M5/114.15.2), and Tim-4 (RMT4-54 and F31-5G3) from BioLegend as well as Ly6C (HK1.4) from eBioscience. The lineage antibody cocktail for excluding lymphocytes and granulocytes included Siglec F (E50-2440) from BD and TCRβ (H57-597), B220 (RA3-6B2), and Ly6G (1A8) from BioLegend. Cell acquisition was performed on an LSR Fortessa running FAC SDI VA 8 software (BD). For each intestinal sample, typically 10,000-20,000 macrophages were collected. In the case of blood samples, typically 10,000 monocytes were collected. Data were analyzed using FlowJo software (TreeStar).
Gut monocyte and macrophage isolation by FACS Single-cell suspensions for gut were prepared as above with the following modifications: incubation with dithiothreitol and EDTA was reduced to 10 min, and the liberase digestion step was decreased to 20 min but with an increased concentration of liberase TL (0.75 mg/ml). Before FACS, on a FAC SAria Fusion (BD), isolated cells were suspended in RPMI supplemented with 2% FCS, 100 U/ml polymyxin B, and 2 mM EDTA. Cells were sorted using the same gating as in Fig. S1 A but with two modifications: cells were not initially gated based on CD11c expression, and Ly6C was included in the lineage channel to directly exclude P1 monocytes. Sorted cells were collected in RPMI with 10% FCS and stored on ice for use in cytospins and cell purity assessments or were alternatively collected in RLT buffer (QIA GEN) and stored on dry ice before storage at −80°C for subsequent RNA extraction.
Cytospin
Sorted cells were mounted on superfrost slides using a Cytospin centrifuge (Cytospin 4; Thermo Fisher Scientific) operating for 5 min at 500 rpm. Cells were fixed with ice-cold methanol and stored at room temperature. Cells were subsequently stained with hematoxylin and acidic eosin and mounted with DPX. Images were collected on an Axioskop upright microscope (ZEI SS) using a 100× objective and captured using a CoolSNAP ES camera (Photometrics) through MetaVue software (Molecular Devices). Images were then analyzed and processed using ImageJ (National Institutes of Health) and Image-Pro Premier software (Media Cybernetics).
RNA extraction
RNA was extracted from 120,000-200,000 cells using an RNeasy micro kit (QIA GEN) following the manufacturer's instructions. RNA was quantified using a Qubit 2.0 Fluorimeter (Thermo Fisher Scientific), and quality was assessed using an RNA Screen-Tape Assay and 2200 TapeStation (Agilent Technologies).
Bulk RNA sequencing and analysis
Strand-specific RNA sequencing libraries were prepared using the Illumina workflow with the TruSeq stranded mRNA sample preparation kit. Paired-end reads (65 × 65 bp) were generated from each sample. 48-192 million reads were obtained from each sample. The fastq files generated by a HiSeq4000 platform (Illumina) were analyzed with FastQC (http:// www .bioinformatics .babraham .ac .uk/ projects/ fastqc/ ), and any low-quality reads and contaminated barcodes were trimmed with Trimmomactic (Bolger et al., 2014) . All libraries were aligned to GRCm38. p4 assembly of mouse genome using STAR-2.4.2 (Dobin et al., 2013) , and only uniquely mapped reads were used in differential gene expression analysis. The mapped reads were counted by genes with HTseq (Anders et al., 2015) against gencode.vM11. annotation.gtf. The differentially expressed genes were identified using DESeq2 (Love et al., 2014) by pairwise comparisons between the experimental groups. The differentially expressed genes with a p-adjusted value ≤ 0.05 were selected for further validation and analysis. For functional analysis, an R package of topGO, Ingenuity Pathway Analysis, and Panther was used. Bulk RNA sequencing data were deposited in the Gene Expression Omnibus public database under accession no. GSE114434.
Cytometric bead array
Macrophage subsets isolated by FACS were plated in flat-bottomed 96-well tissue culture plates at 30,000 cells per well (two to three wells per subset). The cells were cultured at 37°C and 5% CO 2 in 50 µl complete RPMI (10% FCS) in the presence of M-CSF (PeproTech) at 20 ng/ml. After 18 h, the culture supernatants were collected and analyzed for the presence of cytokines and chemokines using the LEG ENDplex mouse inflammation panel (BioLegend). Data were acquired on a FAC SVerse (BD) and analyzed using LEG ENDplex software (7.1; BioLegend).
Statistical analysis
Comparisons between groups were undertaken using Prism (7.0; GraphPad Software). Two experimental groups were compared using a Student's t test for paired data or a Student's t test with Welch's correction for unpaired data. Where more than two groups were compared, a one-way ANO VA with Bonferroni's correction was used. Significance was set at P ≤ 0.05. Fig. S1 shows the flow cytometry gating strategy for monocytes and macrophages in the small intestine, the PCA plot of global gene expression from Tim-4 -CD4 --, Tim-4 -CD4 + -, and Tim-4 + CD4 + -resident macrophages, and the graphical representation of gene expression profiles for the 12 clusters formed by the 2,283 genes differentially expressed in Ly6C hi blood monocytes and Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophages from the small intestine. Fig. S2 shows the total number of macrophages and number of Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophages in the small intestine of gut-shielded irradiated chimeric mice and unirradiated mice, the time course of tamoxifen treatment and harvest of tamoxifen-treated mice, and the YFP expression in the Ly6C low blood monocytes and microglia of tamoxifen-treated mice. Fig. S3 shows the total number of macrophages and number of Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophages in the colon of gut-shielded irradiated chimeric mice and unirradiated mice, the comparison of chimerism levels reached in the macrophage subsets from the small intestine and colon, and the number of P1 monocytes, P2 transitioning monocytes, and P3/P4 total macrophages in the colon of SPF and GF mice. Table S1 shows the GO terms associated with each of the 12 clusters formed by the 2,283 genes differentially expressed in Ly6C hi blood monocytes and Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophages sorted from the small intestine. Table S2 shows the list of genes contained in each of the 12 clusters formed by the 2,283 genes differentially expressed in Ly6C hi blood monocytes and Tim-4 -CD4 -, Tim-4 -CD4 + , and Tim-4 + CD4 + macrophages sorted from the small intestine.
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